ANALOGIES ARE OFTEN HELPFUL for students to grasp key physiological concepts; sometimes the technical jargon makes the concept seem more complex than it actually is. Here, we provide several analogies for information transfer processes that sometimes confuse students. For an analogy to be useful, of course, it needs to be something that students can relate to and understand. Because many of our students today are technology and social media savvy, we have tried to develop some of these analogies around concepts that would be familiar to them.
Commonly, analogies help students to grasp key physiological concepts. Like many others, we have found that a toilet provides a great illustration of threshold (3) . The threshold for a nerve is the membrane potential at which an action potential occurs. The threshold for the toilet is the point where the handle has been pressed enough that the toilet starts to flush. In addition, the toilet illustrates the absolute refractory period. One could push the handle of the toilet a second time. When the handle is pushed a second time, the toilet does not release more water, and this is analogous to the time when an excitable cell cannot respond to a second impulse. One can even point out that cardiac myocytes have a long refractory period and therefore cannot tetanize.
We have found that analogies are also useful at several different stages of the learning process (1, 2) . Clean, insightful analogies can be used when first introducing a subject. In addition, two other examples are illustrated in this article. One example can be used to engage students about the general problem-solving process as well as to motivate an understanding of the steps in problem solving. Another example is to engage students in higher order thinking.
We have found that having students critique analogies is useful for evaluation: with the internet, much information is available online, and it can be difficult to come up with an interesting real-world question that engages the student during "open-book" homework problems or laboratory exercises as they can often copy any answer they find by a Google search. We've used questions about which analogy students prefer in an effort to engage students as well as to determine how well students actually understand the concepts. Students planning a career in the health professions can be motivated to think of analogies as a strategy they might use with patients that have not had physiological training. Some advanced students have complained that by presenting analogies, the instructor is talking down to them; we find that the following introduction at the outset avoids this: first, raise your hand if you are planning on specializing in just adult patients. Now, just adult patients that have a high school degree. Finally, adult patients who passed an undergraduate physiology class. Students soon realize that they not only need to master the material to communicate with their peers but also that they master it in such a way that they can explain it to their patients and hopefully increase patient compliance by increasing patient understanding.
Our first analogy for the steps involved in neuromuscular transmission was developed for two reasons. One reason is that many students find learning about the neuromuscular junction less than exciting and they often don't understand why they need to be aware of all the steps. We have found that for students that have experience troubleshooting computer to printer communication issues, an analogy between nerve to muscle communication and computer to printer communication sparks their interest and helps them understand the value of being aware of all the steps.
Our second reason is that the diagnosis of patients is often presented to students as a decision tree or pattern recognition, i.e., if you see x and y, then the patient has z. That approach certainly has its value and probably can solve a majority of cases. However, an appreciation of what theoretical ideas could be used to construct a decision tree or what physiological concepts can help solve a case that does not fit the standard pattern is also helpful. Particularly in the case of rare diseases, even with gene sequences, we don't always know what might be the effect of a particular mutation in a patient with a different genetic makeup or with different environmental and aging influences than previously studied patients.
One of the national goals is to engage students in solving more complex problems. The main point of our analogy is to illustrate how problem solving is similar for computer to printer miscommunication and for nerve to muscle problems with communication. The general concepts are similar, and one needs to know all the steps in the process if one hopes to be able to troubleshoot every possible communication problem and to engage the students by providing a real-world rationale for why learning about each of the steps is important.
When presenting this neuromuscular analogy, we like to start with the general approach. For example, when one can't get a document to print, one could ask the following four questions to narrow down where the problem lies:
• Is it the computer?
• Is it the printer?
• Is it the computer to printer communication?
• Could it be a combination of the components involved?
Students will immediately understand that division.
Similarly, when there is muscle weakness, the following four questions could be asked:
• Is it the nerve?
• Is it the muscle?
• Is it the neuromuscular junction?
• Are multiple physiological systems a contributor? Table 1 and Fig. 1 show how certain steps might be analogous for nerve to muscle communication and computer to printer communication. Table 1 also shows clinical diseases or agents that influence the various steps of the ACh pathway. This information provides clinical relevance to the content being presented for students planning careers in the health professions.
Before the nerve can communicate with the muscle, the message, acetylcholine, needs to be synthesized. Before someone can print a document with text in it, they need to first type the text. In the nerve, choline is transported into the cell. For us, an analogous process was to consider typing part of a word, e.g., Wedn. Once choline is inside the cell, it combines with acetate to form ACh. Choline acetyltransferase, the enzyme facilitating this reaction, could be considered analogous to an autocomplete function that converts Wedn. into Wednesday. ACh is transported from the cytoplasm into individual vesicles by means of a carrier protein in the vesicle membrane called the vesicular ACh transporter; this process transports ACh (the message) into vesicles, just as the text needs to be saved on the computer. Table 1 .
The preparation steps seem to us as a different category from the transmission steps, just as typing and saving the message is a different category from having the message printed. Furthermore, the message in both cases can be stored in advance and only delivered when "appropriate."
Of course, the steps in nerve to muscle signaling involve different processes than the steps from computer to printer communication. In addition, of course, different students have different backgrounds in all the details of computer to printer communication. In our example, we made nerve depolarization analogous to the hand moving to the mouse. Ca 2ϩ entering the cell is a key step for nerve to muscle communication, just as clicking the mouse for "print 100 copies" is a key step. After the printing step has been selected, the text is "released" to the printer by analogy with the nerve releasing ACh into the synapse. We thought that a wireless communication between the computer and printer was a better analogy with nerve to muscle communication since both do not have direct physical contact; we thought that using a printer cable for communication might be misleading.
There are two processes that happen after ACh is released, and it was a bit difficult to have the analogy capture both cellular processes. Of course, the "main" process is that ACh binds to its receptor (step 5 in Table 1 and Fig. 1 ), leading to the "desired" effect, muscle contraction. Similarly, having the text (and command) arrive at the printer leads to the desired effect, a printout of the text. The problem was an analogy for acetylcholinesterase, since acetylcholinesterase eliminates the signal. In one version of the analogy, we had hitting the cancel button on the printer as analogous. Particularly if the print command was to print 100 copies, if someone hit the cancel button after 50 copies were printed, there would be fewer printouts than otherwise. Both a reviewer and some of our students did not find that analogy very useful. This demonstrates a problem with analogies that get too extended. In this case, we have found it better to change the analogy so it better suits the intended physiological concept. In the future, we are thinking about having students critique the cancel button analogy as part of their laboratory report.
We have tried using this analogy in several different settings. Often the analogy was used in small-group settings as students were doing laboratory exercises related to the neuromuscular junction. At other times, the basic troubleshooting parallels were pointed out in the first lecture on the neuromuscular junction and more details were then presented during the case discussions. Finally, it was also introduced during prelaboratory discussions for laboratory involving neuromuscular junction activities.
Overall, a number of our students were really engaged with this analogy and found that it made the class or laboratory session less dry. For those students for whom the analogy clicked, they found it easier to remember the information and more fun to study. They got a visual image of what is going on. Other students were just frustrated by the analogy; certainly one reason for this was their self-admitted unfamiliarity with the details of how a computer communicates with a printer. We found it helpful to remind students that the main point of the analogy is to illustrate how problem solving is similar for computer to printer miscommunication and for nerve to muscle problems with communication. The general concepts are similar and one needs to know all the steps in the process if one hopes to be able to troubleshoot every possible communication problem; our point was not to teach them computer to printer approaches but to recognize the similarity in troubleshooting approaches and to engage them in learning physiology.
For our students with a strong engineering background, learning all the new vocabulary in physiology is daunting. Converting an understanding of the neuromuscular junction into a problem-solving exercise analogous to computer to printer communication helps them get past the jargon and in fact makes them more interested in learning all the terms.
For our laboratories measuring acetylcholinesterase activity, we used pairs of analogies to engage students in higher order learning about the role of acetylcholinesterase and for how acetylcholinesterase inhibitors work. We asked them to explain which analogy of each pair worked better for them. In these analogies, we did not worry about an analogy for ACh diffusion that also accounts for the fact that not all the ACh that is released actually binds to the receptor. We gave the students the following two situations and two analogies for each situation.
Situation 1
In situation 1, the acetylcholinesterase inhibitor is reversible, as is the case for therapeutic drugs.
Analogy 1A. In analogy 1A, an e-mail message is analogous to ACh. When ACh binds to its receptor, the receptor is activated, just as when someone reads the message, they often become activated, for example, if the message was "there is a sale in your favorite clothing store," they might go to the store. Acetylcholinesterase prevents ACh from binding to the receptor, and a spam filter could prevent someone from getting the message in their inbox and reading it. How does one prevent acetylcholinesterase from having its effect? Since acetylcholinesterase is the breakdown enzyme, adding an inhibitor that thwarts acetylcholinesterase's action will prevent acetylcholinesterase from intercepting ACh. Similarly, how does one prevent the message from going to the junk mail box? Removing the spam filter would thwart the spam filter from intercepting the e-mail. In both cases, more messages get through. This analogy does not incorporate the details of how acetylcholinesterase works by breaking down ACh.
Analogy 1B. In this analogy for reversible acetylcholinesterase inhibitors, we compared nerve to muscle communication with using a Google search to locate and read a website. In this case, a website would be analogous to ACh. A user reading the website is like ACh binding to its receptor and having an effect. Acetylcholinesterase decreases the amount of ACh able to bind on the receptor, just as a Google search filter can prevent all the possible websites from being seen by the user. Removing the Google filter is a double negative, like inhibition of the ACh breakdown enzyme. Both lead to more websites or more ACh available.
Situation 2
In situation 2, we consider that an inhibitor, sarin, is irreversible. Irreversible means that when it has bound to the enzyme, the enzyme will not work again. The body needs to make a new enzyme. Sarin is the nerve gas apparently used in Syria and definitely used in the Tokyo subway terrorist attack in 1995. The other form of the inhibitor is reversible; there are Illuminations many types of reversible inhibitors, so we'll just call them R. Reversible means that the drug can bind to the enzyme and block its action but that R will also come off. As the body breaks down R, the enzyme can work again. A reversible acetycholinesterase inhibitor was provided to soldiers anticipating the possibility that they may be exposed to sarin in the first Gulf War. How would taking R help these soldiers?
Students were told that one of these two analogies could help answer that question. In their laboratory reports, they were asked to tell how they managed to understand the answer to the question and whether one or both analogies helped or not.
Analogy 2A. In analogy 2A, acetylcholinesterase is analogous to a window in a house. An irreversible inhibitor would be like a hurricane, tornado, or rock that breaks the window. A reversible inhibitor would be like putting up some boards over the window so that the wind or rock can't break the window.
Analogy 2B. In analogy 2B, acetylcholinesterase is analogous to a mouse. ACh is a chip. A reversible acetylcholinesterase inhibitor is a live catch cage, and an irreversible acetylcholinesterase inhibitor is a mouse trap that snaps and kills the mouse. If there are a lot of snap/kill mouse traps around, the mouse would be safer being in a live cage, even though it can't get to the chips. But when all snap/kill mouse traps are removed, the mouse can come out and get its chips again.
Most of the laboratory reports showed that these more open-ended questions engaged the students more than the standard questions, and many students were genuinely pleased to be asked their opinion. We also gave them the first pair of analogies during a large lecture class and had them discuss with their class neighbors which they liked; students then voted by clickers for their preferred analogy. When the class was close to split, it was helpful to have them talk again with their neighbors about why some liked one or another analogy.
Another area that some students find difficult to understand is why there are so many side effects of ACh receptor agonists. We start by introducing an analogy for the side effects for drugs involved in nerve to nerve transmission first. Here, we compare nerve to nerve transmission with the process of communicating within an international airport. The different neurotransmitters can be considered analogous to the different languages spoken within the airport. The specificity of transmission in the nervous system arises from two characteristics. One characteristic entails the nervous system using different chemicals as neurotransmitters just as the people in the international airport use different languages. The nervous system goes a step further as nerves only "talk" to nearby nerves; it is as if all the speakers whisper in their own language: the specificity of the communication is not only due to the language spoken but to the proximity between the speaker and recipient. What happens when one gives a drug that mimics a specific neurotransmitter, for example, carbachol, which mimics ACh? Carbachol is carried by the bloodstream and therefore could activate every cell with an ACh receptor. This would be like a public address system announcement in Spanish; now everyone who understands Spanish receives the message. Of course, some drugs target only one type of ACh receptor, for example, nicotine for nicotinic receptors and pilocarpine for muscarinic receptors, even though ACh is the neurotransmitter for both. An analogy for the different receptor subtypes might be the difference between people who understand spoken European Spanish versus people who understand the spoken Spanish of the Americas. There are some Spanish words that only a European Spaniard would understand and other Spanish words that only a person speaking Spanish of the Americas would understand, just as some ACh agonists only activate nicotinic receptors and other agonists only activate muscarinic receptors. For many students, the reason for many side effects now made more sense.
In our experience, many students are confused by what they consider to be a paradox: each muscle fiber either fires or not, yet the muscle response can be graded. We explained this to students using an analogy. A dorm room light is either on or off, like a muscle fiber. Yet, as the sun sets, there is a graded increase in the amount of light coming from the dorm. This is because each student has a different threshold for when to turn on their light. Students have told us that this has been very effective in helping them understand all-or-none and graded respones. We extend this analogy by asking the following questions: what is the selective advantage of an all-or-none response? If you think about the analogy, what is the alternative to an all-or-none light switch? A rheostat, or graded switch. What is the advantage of the all-or-none response? The response is faster. We then go on to ask the following question: can you think of a muscle type that has a graded response? This helps students to understand the response of vascular smooth muscle.
Students can memorize why there is the conversion from twitch to tetanus, but we find that they are more engaged with the concepts if we provide them with a laundry analogy. The pile of dirty laundry is analogous to the level of Ca 2ϩ within the cell. Early in the semester, there are not many clothes dirty, so after the pile builds up, students have time to wash all the laundry (cell Ca 2ϩ goes back to the resting state and the muscle is fully relaxed). This is analogous to a twitch; the muscle contracts (laundry piles up) and relaxes (the laundry pile is empty). As the semester progresses, there are more social events, so students generate more dirty laundry (stimulation frequency has increased). In addition, students have become busier, so there is less time to do laundry (less time for the sarcoplasmic reticulum Ca 2ϩ pump to remove Ca 2ϩ ). So while students still get some laundry done, the dirty laundry pile is never quite empty (muscle Ca 2ϩ does not go back to resting values and the muscle does not fully relax). In addition, the pile of dirty laundry may actually get higher than during the first weeks of the semester (muscle has more contraction). By finals week, students have so many social events that they are getting clothes dirty at a very fast rate and don't have time to do any laundry. Thus, the pile of dirty clothes gets very high, almost all the clothes from the closet are on the laundry pile, and there is no time to do laundry, just like a tenatized muscle is stimulated so much that almost all the sarcoplasmic reticulum Ca 2ϩ is out, contraction is maximal, and the sarcoplasmic reticulum Ca 2ϩ pump can't keep up with the stimulation frequency. This analogy has been very popular with the students; indeed, new teaching assistants often comment that the analogy is one they remember well, even a semester or two later.
The difference between endocrine and paracrine communication can puzzle some students, particularly since some compounds are both hormones and paracrine signaling agents, for example, somatostatin. It seems to us that a key difference between endocrine and paracrine signaling is that endocrine compounds travel by blood all over the body and so can have systemic effects, whereas paracrine communication happens between nearby cells, acting locally. Consider modern electronic communication as an analogy to this difference. One's Facebook wall could be considered analogous to the bloodstream; anything on the wall has the potential to affect any Facebook "friend" if they understand the context of the message (have the receptor), just as hormones are "seen" by all cells but only cause cells that have the appropriate receptors to respond. In contrast, a paracrine message would be one private message sent to a particular person. They have to have a receptor for the message (read it and understand it) but, if it is sent privately, no one else will get the message. In addition, the message could be the same in both cases; it is the method of transmission that distinguishes endocrine and paracrine, not the message (molecule). Even autocrine can be explained with this analogy; autocrine would be analogous to sending a message (reminder) to oneself.
In conclusion, these analogies can serve different roles for different students and in different types of classrooms. One role can be to help students grasp physiological concepts, particularly if they struggle with the jargon. For other students, the analogy can help them learn the similarities between troubleshooting in everyday life and troubleshooting pathophysiological processes. For students who are adept at memorizing, critiquing the analogy can be a useful review or an evaluation exercise.
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